Abstract The aim of this study was to assess the costs and effectiveness of selective short magnetic resonance imaging (MRI) in patients with acute knee injury. A model was developed to evaluate the selective use of MRI in patients with acute knee injury and no fracture on radiography based on the results of a trial in which 208 patients were randomized between radiography only and radiography plus MRI. We analyzed medical (diagnostic and therapeutic) costs, quality of life, duration of diagnostic workup, number of additional diagnostic examinations, time absent from work, and time to convalescence during a 6-month follow-up period. Quality of life was lowest (EuroQol at 6 weeks 0.61 (95% CI 0.54-0.67)); duration of diagnostic workup, absence from work, and time to convalescence were longest; and the number of diagnostic examinations was largest with radiography only. These outcomes were more favorable for both MRI strategies (EuroQol at 6 weeks 0.72 (95% CI 0.67-0.77) for both). Mean total costs were 2,593 euros (95% CI 1,815-3,372) with radiography only, 2,116 euros (95% CI 1,488-2,743) with radiography plus MRI, and 1,973 euros (95% CI 1,401-2,543) with selective MRI. The results suggest that selective use of a short MRI examination saves costs and potentially increases effectiveness in patients with acute knee injury without a fracture on radiography.
Introduction
Magnetic resonance imaging (MRI) is an established imaging tool in the evaluation of acute knee injuries. The main purpose of MRI for knee trauma is to determine if therapeutic arthroscopy is indicated, usually in the case of persisting symptoms. This application of MRI has been studied extensively [1] [2] [3] [4] [5] . MRI is, however, rarely performed at initial presentation of a patient with an acute knee trauma, mainly because of the generally high costs, long examination duration, and limited availability in this clinical setting. Diagnostic information from MRI could be extremely valuable, however, since reliable physical examination shortly after a knee trauma is often hampered by swelling and pain [6, 7] . MRI, therefore, could play a significant role in the routine initial examination of patients with acute knee injury.
A requisite would be the easy availability of an MRI system, a relatively inexpensive MRI examination, and a short examination time. This can be achieved by using a low field dedicated extremity MRI system with a short data acquisition protocol [8, 9] . Although the low field strength and shortening of the MRI protocol reduce image quality compared with a standard MRI examination, it has been demonstrated that lower magnetic field strength does not substantially reduce the diagnostic performance for most traumatic knee abnormalities [1, [10] [11] [12] . The information obtained from MRI could be sufficient to reduce the time to completion of the diagnostic workup and to influence the treatment strategy. This information could influence the decision whether follow-up of the patient is warranted, whether treatment is indicated, or whether the patient can be sent home without the need for follow-up. Early detection of traumatic abnormalities could lead to earlier treatment of the patient and potentially to earlier recovery. This could lead to earlier resumption of work, resulting in a decrease of production losses, and thereby a decrease of costs to society.
To evaluate the use of MRI in this setting, we previously performed a randomized controlled trial (RCT) and costeffectiveness analysis and found that a short dedicated extremity MRI examination in addition to radiography in all patients with acute knee injury improves prediction of the need for additional treatment [8] , shortens the time to completion of diagnostic workup, reduces the number of additional diagnostic procedures, improves quality of life in the first 6 weeks compared with radiography alone, and reduces societal costs associated with lost productivity (although the last of these was nonsignificant [9] ). In the previously published RCT, patients underwent MRI regardless of the radiography findings, although it can be argued that MRI in the examination of cases of knee trauma has limited added value for the initial treatment if a fracture has already been demonstrated on radiography.
Therefore, the aim of the present study was to assess the costs and effectiveness of performing a short MRI examination on a low field dedicated extremity MRI system in the evaluation of acute knee trauma selectively in patients without a fracture on radiography. This was compared with MRI in all patients and radiography only as initial diagnostic strategies.
Materials and methods
A model was developed to evaluate radiography followed by selective use of a short MRI examination if radiography showed no fracture in patients with acute knee injury. The model was based on the results of an RCT [9] .
Study design
We performed a prospective, pragmatic RCT in a university hospital, including patients with a traumatic knee injury, which had occurred within the preceding 7 days before presentation. All patients were examined by an emergency physician, traumatologist, or orthopaedic surgeon and patients were included if radiography of the knee was ordered. Exclusion criteria were pre-existing knee complaints; compound fracture; substantial injury of the head, back, thorax, or abdomen; need for urgent treatment; and intoxication. The subjects were randomized between two diagnostic strategies consisting of plain radiography alone (strategy 1, reference strategy) and radiography followed by a short MRI examination (strategy 2). Since this was not one of the study arms of the RCT, we modeled a third strategy consisting of plain radiography, followed by a selective short MRI examination, only if no fracture was visible on the radiograph. Modeling was performed by using a composite of the results of patients from strategy 1 (no MRI examination) who showed a fracture on the radiograph, and patients from strategy 2 (radiography followed by MRI) who did not show a fracture on the radiograph. In this way the costs and effects of the third strategy could be obtained from the randomized patient groups.
Patients were randomized by drawing from consecutively numbered, sealed envelopes containing computergenerated random assignments. Block randomization was used with a block size of 20 to obtain equal numbers of patients in both strategies. Research staff and radiology technologists on service carried out the inclusion from 0800 to 2300 hours, 7 days a week. All patients were given written and oral information about the goal of the study, and all participating subjects gave informed consent. The study was approved by the institutional review board of Erasmus MC, University Medical Center, Rotterdam, The Netherlands. The results of the RCT are reported in accordance with the CONSORT statement [13] .
Imaging technique and interpretation
All patients underwent anteroposterior and lateral radiography of the affected knee, and additional patellar or tunnel views if considered necessary. MRI was performed immediately following radiography using a 0.2-T dedicated extremity MRI system (Artoscan M, Esaote S.p.a., Genoa, Italy) with an MR protocol as described previously [8, 9] . The average duration of MR data acquisition was 6 min and the total MR examination time, including MRI start-up and patient positioning was on average 15 min. The MRI was assessed by an experienced musculoskeletal radiologist (A.Z.G., 25 years of experience) or by a resident on service during evenings and weekends. The residents were in their second to fifth year of training. The result was reported to the treating physician immediately. Resident interpretations were re-read the next working day by the experienced musculoskeletal radiologist. In the case of a different interpretation the physician was informed.
Follow-up
Data were collected on utilization of medical resources, quality of life, and production losses caused by absence from work and time to convalescence. The follow-up period was 6 months. Although 6 months is relatively short for outcome assessment, we expected that this period would be long enough for relevant differences across the strategies to emerge. The effect of the availability of more diagnostic information in the initial stage is not likely to cause a significant difference in costs beyond 6 months after trauma. Questionnaires were mailed to all subjects 1 week, 6 weeks, 3 months, and 6 months after inclusion. These questionnaires included quality of life measuring instruments as well as questions about utilization of medical resources outside our hospital, out-of-pocket expenses, days off work, and time to convalescence. If questionnaires were not returned we interviewed the patient by telephone and urged them to return the quality of life questionnaires. In addition to the information from the questionnaires, data were obtained from patient records and from the computerized hospital information system.
Measurement of effectiveness
Quality of life was measured using the EuroQol [14, 15] and the Short Form 36 Health Survey (SF-36) [16] . Using the EuroQol it is possible to assign one preference-based score, which can be calculated using a regression equation [17] . The SF-36 consists of 36 questions covering eight domains (physical functioning, role-physical, bodily pain, general health, vitality, social functioning, role-emotional, and mental health). An algorithm is used to assign values to each domain.
From the moment a patient indicated on one of the four questionnaires that he or she did not have complaints of the injured knee anymore, we assumed that no further change in quality of life related to the initial trauma would occur, and the EuroQol and SF-36 scores measured at that point in time were extrapolated to the remaining questionnaires. If a person indicated that he/she did not have complaints anymore but did not fill in the quality of life questionnaires, mean values of all other complaint-free patients from the same randomized group were used, since it is well known that imputation of missing values results in less bias than analysis of complete cases only [18, 19] . We used linear regression analysis to analyze if these mean values were influenced by age and sex and adjusted accordingly.
The time to completion of the diagnostic workup was defined as the time from initial presentation to the last diagnostic examination. The number of additional diagnostic procedures was assessed by reviewing the hospital information system and by information from the questionnaires or telephone inquiry if the examinations had been performed outside our hospital. The number of days absent from work and the time to recovery were obtained from the questionnaires or, if the questionnaires were not returned, by telephone inquiry. A patient was regarded to have recovered if he or she did not have daily complaints anymore.
Measurement of costs
All costs relevant from the societal perspective, including medical and nonmedical costs, were recorded during a follow-up period of 6 months. Medical costs consisted of costs of diagnostic procedures and treatment both inside and outside the hospital as well as patient travel costs. Costs of initial treatment as well as diagnostic procedures were calculated using a bottom-up approach [20] , taking into account the initial investment of equipment, additional costs during use, maintenance, years of use, discounting and annuitization [21] , number of procedures per year, personnel costs, materials used, room rent, housekeeping, administration, and overhead costs. Costs were discounted at a rate of 3% per annum [22] . Estimated actual costs of hospital visits and hospital admissions were obtained from the Dutch Council for Care Insurance [20] . For costs of operations we used reimbursement tariffs as established by the Dutch Central Organ for Tariffs in Healthcare.
Out-of-pocket expenses and patient time costs were recorded as direct nonmedical costs. Patient time costs were included in the cost analysis [22] in order to capture the gain in effectiveness obtained through a more expedient diagnostic workup in monetary units. Patient time costs were determined by multiplying the time spent on followup, diagnostic and therapeutic procedures (including travel time, and waiting time) by the average net income of subjects stratified for age (obtained from the Dutch Central Bureau for Statistics, data for both working and nonworking subjects in the Netherlands adjusted for the year 2007).
Costs associated with production losses were estimated using the 'friction cost method' as described by Koopmanschap et al. and recommended in guidelines for cost-effectiveness analysis [22, 23] . According to this method costs to society are only generated during the time it takes to replace a sick employee, which is called the friction period. After the friction period no costs to society are generated, since the sick employee is replaced by someone drawn from the ranks of the unemployed. For short-term absence from work the loss of productivity may be low, because work may be performed by colleagues or work can be postponed and performed on return of the sick employee. For long-term or permanent absence extra costs of maintaining production, costs of production loss, costs of filling the vacancy, and costs of training the new employee are incorporated.
The costs of lost productivity per day absent from work were calculated using friction cost data estimated for working people in the Netherlands in 1998, based on sex and age [20] , adjusted for the year 2007. The friction period for the year 1998 was estimated to be 4 months [20] , but because of increased shortage on the labor market we estimated the friction period in 2007 to be 6 months (personal communication, Koopmanschap) . Costs were analyzed on an intention-to-diagnose-and-treat basis.
The effect of uncertainty of the involved parameters on the robustness of our results was studied in a sensitivity analysis. One-way sensitivity analysis was conducted by exploring a range from 50 to 200% for each parameter. Parameters that appeared sensitive in the one-way analysis were analyzed in a three-way sensitivity analysis.
The analyses were performed using Microsoft Fig. 1 Flow diagram of subjects passing through the trial. *The remaining percentage concerns patients that were not treated in our hospital, but information on possible treatment elsewhere is lacking 
Results
From August 1999 to May 2001, 208 patients were included. A flow diagram of patients passing through the study is presented in Fig. 1 . About half of the eligible patients were randomized: a few patients refused to participate, but the main reason for missing potential candidates was the fact that due to the inclusion timeincluding evenings and weekends-many radiology technologists were involved in asking the patients to participate, which was forgotten regularly. On review, 18 patients did not fulfill all inclusion criteria and one case was suspected of automutilation; these 19 patients were excluded from the analysis. Of the remaining 189 patients 96 patients were allocated to the MRI strategy and 93 patients to the reference strategy (i.e., strategy 1, only radiography). In two patients allocated to the MRI strategy, the MRI could not be made because the knee could not be positioned in the center of the magnet bore: one patient had a locked knee, and in one case the knee was too large to fit into the magnet. In one very obese patient the MRI was uninterpretable. In accordance with the intention-to-diagnose-and-treat principle, these three patients remained in the MRI strategy in the analyses. The baseline characteristics are described in Table 1 . Eight patients in strategy 1 (only radiography) showed a fracture on the radiograph, and 83 patients in strategy 2 (radiography plus MRI) showed no fracture on the radiograph. These 91 patients formed the subject group for strategy 3 (MRI if no fracture on radiography). The final diagnoses as assessed using all information including follow-up are listed in Table 2 .
Effectiveness
Linear regression analysis showed that the mean EuroQol and SF-36-domain scores of patients without complaints were not significantly influenced by age or sex, and therefore mean values of EuroQol and SF-36-domain values were used for All the SF-36 domains, except for general health, demonstrated an increase in score over time (Fig. 3) . The two MRI strategies demonstrated similar SF-36 scores across all domains at all points in time. After 1 and 6 weeks physical functioning and physical role functioning were higher in the MRI strategies compared with radiography alone. The scores of all the domains were very similar across the three strategies at all points in time.
The time to completion of the diagnostic workup, the duration of absence from work, and the time to convalescence were shortest in strategy 3 ( Table 3 ). The number of additional procedures was almost the same in the two strategies with MRI, which was considerably shorter than in the strategy with only radiography.
Costs
Medical costs were highest in the strategy with MRI in all patients (strategy 2) and lowest if no MRI was performed at all (strategy 1) ( Table 4 ). Travel costs were relatively low and similar across the three strategies. The friction costs constituted the largest cost factor in all strategies. Total costs were lowest if MRI was used selectively in patients without a fracture on the radiograph (strategy 3), mainly owing to a reduction in friction costs. Total costs were highest in the strategy with only radiography, which again was mainly attributable to high friction costs.
Sensitivity analysis
In a one-way sensitivity analysis the cost difference between the strategies including MRI (strategies 2 and 3) and the strategy with only radiography (strategy 1) was sensitive to the estimated friction costs per friction period, to the friction period itself, and to the costs of the short MRI examination (Table 5) . Three-way sensitivity analysis of friction costs, friction period, and costs of the short MRI examination (Fig. 4) demonstrated that within plausible ranges of these variables the strategies that included MRI generated less costs than the strategy with only radiography. This conclusion was even more robust for strategy 3 (MRI if no fracture on radiography) (Fig. 4b ) than for strategy 2 (MRI in all patients) (Fig. 4a) . 
Discussion
MRI is seldom used as an initial diagnostic tool in acute knee injury because of the perceived high costs and long duration of the examination. We studied the costs and effectiveness of applying a short MRI examination in this setting. Two MRI strategies were analyzed and compared with the strategy of radiography alone, namely performing MRI in all patients and selective use of MRI if no fracture is demonstrated on the radiograph. The rationale behind the latter strategy is that we considered it plausible that the addition of MRI to radiography in patients who already show a fracture on the radiograph has limited value for the (initial) treatment: in most cases treatment will be determined by the fracture. This strategy was modeled, since it was not incorporated into the trial. Modeling created limitations in the comparison of the strategies, since differences between the modeled and the observed strategies could not be tested statistically. However, we chose to use a modeled strategy because it created the opportunity to analyze a realistic and relevant strategy beyond the scope of the original trial. The selective application of MRI in patients without a fracture on the radiograph resulted in a slight improvement in quality of life during the first 6 weeks compared with using radiography only. The quality of life was almost identical for the two MRI strategies. Time to diagnosis, duration of absence from work, and time to convalescence were all slightly shorter compared with MRI in all patients and substantially shorter compared with only radiography.
Whilst performing this study we assumed that the early diagnostic information from MRI would result in a more appropriate and earlier treatment. Although this is true for many cases, we acknowledge that there is a potential danger of overtreatment. Some meniscal tears may heal or become Three-way sensitivity analysis on friction costs and friction period for the base value of the short MRI examination (65 euros) and twice this base value. Radiography and MRI in all patients compared with radiography only (a); radiography in all patients followed by MRI if no fracture is visible on the radiograph compared with radiography only (b). In the area above the threshold lines the strategy that includes MRI generates less costs than the reference strategy. In the area below the threshold lines the strategy including MRI generates more costs than the reference strategy. A plausible range of friction costs and friction period is indicated symptomless without surgery [24] . Still, if the short MRI examination leads to an overall reduction in costs without a reduction in quality of life as was demonstrated, the benefits of more accurate early diagnostic information outweighs the risk of overtreatment. On the other hand, we acknowledge that MRI should not be regarded as a substitute for thorough clinical history taking and examination, and that MRI may be unnecessary in certain patients. If there are obvious mechanical symptoms such as locking, arthroscopy is required regardless of MRI findings [25, 26] . In less equivocal cases, however, MRI may be useful, since physical examination is often unreliable if performed in the acute stage [6, 7] . Medical costs were lowest if only radiography was performed. As expected, if an MRI was performed selectively in the absence of a fracture, medical costs were lower than if MRI was performed in all patients. Thus, the application of a short MRI examination did not lead to a reduction in costs of subsequent diagnostic and therapeutic procedures. The main reduction in costs was brought about by a reduction in lost productivity, which was similar for both MRI strategies. The difference in time costs was small across strategies because the mean time spent for diagnostic and therapeutic procedures was similar. Travel costs were similar and low for all groups. This is plausible in the Dutch situation, since the density of hospitals in the Netherlands is high, and travel distance to the nearest hospital is generally short.
Our conclusions were robust in sensitivity analysis. A threeway analysis of the most sensitive parameters (friction costs, friction period, and costs of the short MRI examination) did not influence our conclusions. Our results were, however, influenced by heterogeneity of the patient populations, expressed by the wide confidence intervals of the costs (Table 4) . This heterogeneity within the patient groups was to be expected since we considered all patients with traumatic knee injury, ranging from a mild injury, without need for treatment to trauma with extensive internal derangement. Friction costs were especially subject to heterogeneity in the studied population. Since a short period off work may generate considerable costs, absenteeism caused high mean friction costs in spite of the fact that only a small number of patients were absent from work.
The low sensitivity of our results to variation in costs of the MRI examination suggests that a high field MRI system can also be used for the initial evaluation of knee trauma, still with a reduction in overall costs from the societal perspective. The examination costs will increase, but the better quality images may increase reliability of the examination result, with potential improvement in patient outcome.
A limitation of the study is the fact that a considerable percentage of the potentially eligible patients were not included, although inclusion was intended to be consecutive. The major reason why patients were not randomized was because the radiology technologist on service had forgotten to ask the patient to participate. We expect that the likelihood of selection bias in these cases of nonrandomized patients is low.
In many studies the response rate to mailed questionnaires is about 60-65% [27] [28] [29] [30] [31] [32] [33] [34] . In our study the response rate of patients that underwent both radiography and MRI was within that range, but the response rate of patients that only underwent radiography was lower, most likely because they were disappointed not to get an extra MRI examination during randomization and less willing to fill in the questionnaires. This may have biased the results on quality of life. For the data on costs we were much less dependent on the questionnaires, since we could obtain most of the data from the patient records and computerized hospital information system, sometimes complemented by telephone inquiry.
In conclusion, our results suggest that the selective use of a short MRI examination following radiography in patients with acute knee injury without a fracture on the radiograph reduces costs to society and increases effectiveness compared with a strategy of using radiography alone. The results also indicate that, compared with MRI in all patients, selective MRI in patients without a fracture on the radiograph could reduce both medical costs and costs to society without affecting health outcomes. Because the results were in part obtained from a modeling analysis they should ideally be evaluated in a prospective trial.
